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Abstract The presence of hydrogenosomes in phylogenetically 
distinct anaerobic eukaryotes implies that they have been 
acquired independently, and previously reported differences in 
ultrastructure among taxa have suggested that some hydrogeno-
somes have different origins. Of particular interest are reports 
that Neocallimastix frontalis hydrogenosomes resemble micro-
bodies in possessing a single membrane, in contrast to those in 
ciliates and trichomonads which have two and thus resemble 
mitochondria. In this investigation we have clearly demonstrated 
that N. frontalis hydrogenosomes possess two, rather than one, 
closely apposed membranes and in some preparations cristae-like 
structures were observed. These observations have led us to reject 
the microbody hypothesis and provide some indirect support 
for a possible mitochondrion origin as proposed for other 
hydrogenosomes. N. frontalis hydrogenosomes were shown to 
lack an associated genome as previously demonstrated for 
trichomonad hydrogenosomes. This might be explained by 
assuming that a mitochondrial genome encoding proteins for 
aerobic function is no longer necessary for either organelle. 
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1. Introduction 
There is currently much interest in the evolutionary origins 
of a hydrogen evolving phenotype based upon hydrogeno-
somes, which occurs in a number of eukaryote groups. It 
has been known for about 10 years that anaerobic fungi con-
tain hydrogenosomes [1] but so far little biochemical or mor-
phological data has been available. The paucity of data has 
made it difficult to infer the relationships between these or-
ganelles and those occurring in trichomonads and anaerobic 
ciliates. Because hydrogenosomes are found in a broad phy-
logenetic range of amitochondriate organisms [2-A] it has been 
suggested that they must have been acquired independently 
[4]. Hydrogenosomes are a site of substrate-level phosphoryl-
ation and are significant energetically for these taxa. For this 
reason and because each has a double membrane, it has been 
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suggested that hydrogenosomes in anaerobic ciliates and tri-
chomonads are derived from mitochondria [5]. In contrast, 
fungal hydrogenosomes have been reported to possess only 
a single membrane [6] giving rise to the hypothesis that micro-
bodies are the progenitor organelles for these particular hy-
drogenosomes [4,6-8]. 
Whether fungal hydrogenosomes contain a genome is cur-
rently unknown. In Trichomonas vaginalis and Tritrichomonas 
foetus the possibility of an associated organelle genome has 
been explored with little success, although the results are not 
conclusive [9,10]. The potential loss of a genome has been 
explained by loss of aerobic functions encoded by the genome 
rendering it redundant [4]. The presence of a genome would of 
course allow more direct tests of possible endosymbiotic ori-
gins. In this letter we report the presence of a double mem-
brane surrounding hydrogenosomes from the anaerobic fun-
gus Neocallimastix frontalis and the absence of an associated 
organelle genome. The new observation of a double mem-
brane argues against a microbody origin for fungal hydroge-
nosomes, and raises the possibility of a common origin for all 
hydrogenosomes from mitochondria. 
2. Material and methods 
2.1. Organisms and cultivation 
The anaerobic fungus N. frontalis strain L2 [11] was grown under 
anoxic conditions at 39°C in defined medium supplemented with 20 
mM glucose [12]. Trichoderma harzianum was cultured at 30°C on 
NBB medium (8 g/1 nutrient broth and 3 g/1 Bacto peptone) for 3^t 
days on a rotary shaker at 150 rpm. 
2.2. Electron microscopy 
For ultra-thin-section electron microscopy Neocallimastix cells were 
grown for 24-48 h in basal medium without agar. Mycelium was 
collected under anoxic conditions by centrifugation (10 min at 
200Xg) and fixed for 2 h on ice by the addition of 0.1% (v/v) gluta-
raldehyde. The cells were additionally fixed in 3% glutaraldehyde in 
0.1 M sodium cacodylate buffer (pH 7.2) for 1 h at 0°C and post-fixed 
for 1 h in a solution of 1% (w/v) Os04 and 2.5% (w/v) K2CrO? in the 
same buffer at room temperature and subsequently post-stained in 1% 
(w/v) uranyl acetate. After dehydration in a graded ethanol series (70-
100%>) the cells were embedded in Epon 812 resin, sectioned with a 
diamond knife on a LKB microtome and examined in a Philips CM 10 
transmission electron microscope. 
2.3. Cell fractionation 
Hydrogenosomes were isolated from 20 1 cultures of N. frontalis 
grown for 5-7 days as described before [13]. Mitochondria of T. 
harzianum were isolated as previously described [14]. Mitochondria 
of Saccharomyces cerevisae were a kind gift of Dr. Ida van der Klei 
(Department of Microbiology, University of Groningen, The Nether-
lands). 
2.4. DNA isolation 
Direct DNA isolations on isolated hydrogenosomes using mito-
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chondria as positive controls were performed. DNA isolations were 
performed on organelles 'as isolated' and on DNase-treated organelles 
to remove DNA which sticks to the outside of the organelle. The 
isolated organelles (~2.5 mg protein) were 5X diluted in homogeni-
zation buffer (0.25 M sucrose, 0.3 M EDTA, pH 7.5) and centrifuged 
for 20 min at 20000Xg. At this stage some organelle fractions were 
DNase-treated (see below). The organellar pellet was resuspended in 
5 ml of lysis buffer (0.8 M guanidinium thiocyanate, 1% Triton X-100, 
1 mM EDTA, 200 ug/ml Proteinase K) and incubated at 60°C for 1 h 
with gentle intermittent agitation. The organellar lysate was applied 
on an equilibrated QIAGEN-tip 100 (QIAGEN) according to the 
procedures of the manufacturer. The column was washed twice and 
the DNA was subsequently eluted in a final volume of 5 ml using the 
manufacturers instructions. The organellar DNA was precipitated by 
addition of 120 ul of 2 M sodium acetate (pH 5.0) and 0.5 volumes of 
isopropanol, and centrifuged for 30 min at 15000Xg. The pellet was 
washed with ice-cold 70% ethanol, and resuspended in TE buffer. 
DNAse treatment of isolated organelles was performed as follows. 
The organellar fraction was resuspended in 2.5 ml of isolation buffer 
(20 mM KP;, 0.25 M sucrose, pH 7.4) supplemented with DNase (0.3 
Ug/ml) and MgCl2 (10 mM). The suspension was incubated for 30 min 
at 37°C and subsequently centrifuged for 20 min at 20000Xg. This 
organelle pellet was treated as described above. 
Isolated DNA was subjected to electrophoresis according to stand-
ard procedures [15]. 
2.5. Immunocytochemistry 
For the location of DNA, using anti-DNA antibodies (Molecular 
Probes Europe), isolated zoospores [7] and rhizoid from N. frontalis 
L2 were fixed in 3% glutaraldehyde in 0.1 M sodium-cacodylate buf-
fer. After dehydration in a graded ethanol series (50-100%) cells were 
embedded in Lowicryl K4M. S. cerevisiae cells were fixed in a mixture 
of 0.5% glutaraldehyde and 2.5% formaldehyde, after dehydration in 
a graded ethanol series (50-100%) the cells were embedded in Unicryl 
(Biocell). Immunolabeling was performed by anti-rabbit IgG antibod-
ies conjugated to 15 nm gold particles (Amersham) [16]. 
3. Results and discussion 
Based upon transmission electron microscopy, it is clear 
that fungal hydrogenosomes are surrounded by a double, 
rather than a single, membrane (Fig. 1). The envelope consists 
of two tightly apposed membranes (Fig. lb) with few cristae-
like structures apparent (Fig. lc). Both membranes are 5-6 
nm thick. These observations are similar to those reported for 
hydrogenosomes in ciliates and trichomonads [5,17,18] and do 
not support a separate microbody origin. The previously re-
ported single membrane surrounding fungal hydrogenosomes 
was supported by a low-resolution electron micrograph and 
this report was based on aerobically fixed cells [7]. Because an 
initial anaerobic fixation step more closely resembles the nat-
ural situation we decided to start with an anaerobic prefixa-
tion. In addition, the reported cross-reactivity of fungal hy-
drogenosomes with an antibody against a general microbody 
targeting signal [6] has so far not been confirmed by primary 
sequence data. Indeed the two currently available sequences 
for known fungal hydrogenosomal proteins have an N-termi-
nal mitochondrial-like pre-sequence [19,20]. 
Using direct DNA-isolation approaches we were unable to 
detect any DNA in hydrogenosomal fractions. In contrast, 
using mitochondria instead of hydrogenosomes always re-
vealed DNA (results not shown). This DNA remained asso-
ciated with mitochondria after DNase treatment of the iso-
lated organelles suggesting that the DNA is inside the 
organelle. This is in agreement with the original mitochondrial 
DNA isolations performed by Nass some 30 years ago [21]. In 
immunolocalisation studies using anti-DNA antibodies (Fig. 
2) we were also unable to detect any hydrogenosome-associ-
ated DNA, while nuclear DNA was easily detected. The anti-
bodies were able to detect extra-nuclear DNA in mitochon-
dria of S. cerevisiae (Fig. 2b). Thus, using different techniques 
we were unable to demonstrate that fungal hydrogenosomes 
contain a genome. In this they resemble trichomonad hydro-
genosomes [10]. 
If one assumes a mitochondrial origin for trichomonad hy-
drogenosomes [22], a scenario which has recently received 
direct support from protein coding genes [23-26], then one 
can speculate that genome loss is through redundancy caused 
by change of function. Mitochondrial DNA encodes rRNA 
and tRNA components of the mitochondrial protein synthe-
sizing machinery, which function is to translate a small num-
ber of mtDNA-encoded mRNAs that specify essential poly-
peptide components of the mitochondrial electron transport 
chain [27,28]. Based upon the double membrane it is possible 
Fig. 1. a: Electron micrograph of a single hydrogenosome in a N. frontalis zoospore. Some cristae-like structures can be seen (arrow), as well 
as concentric membranous structures (C) and an empty vesicle (*) as described previously [18]. b: The two closely apposed outer and inner 
membranes of the hydrogenosome are clearly seen. Also, part of a concentric membranous structure can be seen (arrowhead), c: Detail of a 
cristae-like structure. Bars: 1 urn (a) or 100 nm (b,c). 
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Fig. 2. Immunocytochemical micrographs of (a) N. frontalis, and (b) S. cerevisiae using anti-DNA antibodies, n, nucleus; h, hydrogenosome; 
r, ribosomal arrays; m, mitochondrion. Bars: 1 um. 
that Neocallimastix hydrogenosomes also derive from mito-
chondria and the same speculation would then apply to ex-
plain genome loss. In aerobic fungi mitochondrion-encoded 
components include subunits of the ATPase complex, apocy-
tochrome b, subunits of cytochrome oxidase, and subunits of 
the NADH dehydrogenase complex [29]. All are highly hydro-
phobic membrane proteins which remain mitochondrion-en-
coded because they are not compatible with a pre-existing co-
translational translocation machinery of the host [30]. Fungal 
hydrogenosomes do not contain any cytochromes [1] and hy-
drogenosomal ATPase appears to be insensitive to the classi-
cal inhibitors which affect mitochondrial ATPases [31]. 
In conclusion, we have demonstrated that Neocallimastix 
hydrogenosomes possess a double membrane and in this re-
spect they resemble hydrogenosomes and mitochondria in 
other taxa. Further more direct data is now required to inves-
tigate if fungal hydrogenosomes, like those in trichomonads, 
actually do originate from mitochondria. 
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